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A B S T R A C T

Ongoing global genome characterization efforts are revolutionizing our knowledge of cancer
genomics and tumor biology. In parallel, information gleaned from these studies on driver cancer
gene alterations—mutations, copy number alterations, translocations, and/or chromosomal rear-
rangements—can be leveraged, in principle, to develop a cohesive framework for individualized
cancer treatment. These possibilities have been enabled, to a large degree, by revolutionary
advances in genomic technologies that facilitate systematic profiling for hallmark cancer genetic
alterations at increasingly fine resolutions. Ongoing innovations in existing genomics technologies,
as well as the many emerging technologies, will likely continue to advance translational cancer
genomics and precision cancer medicine.

J Clin Oncol 31:1815-1824. © 2013 by American Society of Clinical Oncology

CASE FOR TUMOR GENOMIC PROFILING

Progress in cancer genomics research over the past
few decades has reinforced the notion that cancer is
driven by various types of genomic alterations. Al-
though some cancers harbor frequently recurring
alterations in one or a small number of genes (95%
of chronic myelogenous leukemias harbor a recipro-
cal translocation between chromosomes 9 and 22
resulting in the BCR-ABL fusion gene1,2), other can-
cer types exhibit considerable heterogeneity in the
constellation of alterations that drive the malig-
nancy. Conversely, although many of these altera-
tions show tumor type specificity (eg, BRAF
mutations occur frequently in papillary thyroid car-
cinomas3 and cutaneous melanomas), they may also
occur at lower frequencies across many other cancer
types (eg, BRAF mutations are present in 2% to 20%
of non–small-cell lung cancers [NSCLCs],4 colorec-
tal adenocarcinomas,5 pediatric low-grade astrocy-
tomas,5 and multiple myelomas6). This “long tail” of
rare driver genetic events may pose particular tech-
nological and methodological demands in the mo-
lecular cancer diagnostics arena as more and more
genetic alterations become clinically actionable.

Many genomic alterations create a dysregu-
lated signaling cascade, and the derivative mutant
proteins (or proteins up- or downstream in the same
or related pathway) are thus potential (and some-
times potent) foci for targeted anticancer therapies.
There are several clinical success stories of rational
targeted therapies based on knowledge of the under-
lying genetics: activating mutations and small inser-

tions/deletions in the epidermal growth factor
receptor (EGFR) in NSCLC confer sensitivity to the
EGFR tyrosine kinase inhibitors erlotinib and
gefitinib,7-9 and BRAF mutations in melanoma
(specifically at the V600 locus) are targets for BRAF
inhibitors10; clinical trials have confirmed the utility
of targeted therapies in these instances.11,12 Infor-
mation on the mutational status of many known
cancer genes can thus be used to design rational
therapeutics for a given patient.13,14 Similarly, the
concept of synthetic lethality15— identifying and
targeting a secondary dependency of a cancer cell
when the primary target is inhibited, exemplified by
the sensitivity of BRCA1/2-deficient breast cancer
cells to poly(ADP-ribose) polymerase inhibition—
allows one to selectively target cancer-specific muta-
tions effectively.

It seems clear, therefore, that knowledge of a
spectrum of actionable genomic alterations within
an individual tumor—whether mutations, chromo-
somal rearrangements, copy number changes, or
epigenetic alterations—may ultimately facilitate in-
dividualized approaches for many patients with
cancer. However, systematic and comprehensive
profiling of cancers remains underdeveloped in
many patient-oriented research or clinical settings.
Disruptive advances in sequencing technologies
over the past several years have rapidly advanced
cancer research efforts and are poised to similarly
transform the translational oncology landscape. As
they accelerate toward the clinic, these technologies
may enable robust readouts of the genetic content of
a tumor, facilitate the deployment of clinical trials on
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targeted agents and, ultimately, inform more rational treatment of
many patients with cancer.

FIRST-GENERATION SEQUENCING

The technological revolution in the field of genomics began more than
30 years ago with the discovery of methodologies that first enabled
investigators to perform DNA sequencing.16,17 During the intervening
years, major improvements in molecular biology, DNA separation
and detection, process automation,18 and analytics facilitated the
landmark sequencing of the first human genome in 2001.19,20 Among
other things, this achievement established a baseline reference genome
for subsequent resequencing efforts and instituted Sanger sequencing
as the major technology in the first generation of genomic interroga-
tion. Approaches for cancer gene sequencing at that time consisted of
amplifying the exonic regions of specific gene(s) or gene sets by the
polymerase chain reaction (PCR), followed by sequencing of PCR-
amplified DNA products by using capillary-based instruments. Al-
though this candidate gene sequencing approach was laborious,
costly, and limited in scope, it nonetheless resulted in vitally important
discoveries7-9,21,22 that laid a solid foundation for genome-scale cancer
characterization efforts.

Limitations of Sanger Sequencing

As Sanger-based sequencing efforts moved increasingly into can-
cer research, it became clear that many tumor specimens and their
derivative genomic DNA posed specific challenges that often con-
founded the detection of specific genomic alterations. For example,
histologic variables such as the purity of a tumor specimen, the ploidy
of the tumor cells, and the presence of subclonality or heterogeneity
within a sample could significantly affect the sensitivity and specificity
of DNA sequencing and other genomics technologies (reviewed in
Meyerson et al23). In large part, these difficulties centered around the
ability to distinguish the signal of a specific genomic alteration from a
background of normal noise contributed by stromal admixture or
“passenger” ploidy alterations within the tumor cell. Although Sanger
sequencing is still considered the gold-standard molecular diagnostic
technology for interrogation of mutations and insertions/deletions
(indels) on a gene-by-gene basis (EGFR and KIT, among others), this
technology has several limitations: it is insensitive to alterations that
occur at an allele frequency lower than approximately 20%24 (a phe-
nomenon that may reflect low tumor content in a specimen), it has
limited clinical scalability beyond a few genes, and it is unable to detect
structural rearrangements or DNA copy number changes. Newer se-
quencing technologies that have greater sensitivity (such as pyrose-
quencing) are also used in some clinical laboratories to detect small
base-pair changes in genes, although this approach is also somewhat
limited in scope compared with next-generation technologies.

Genotyping

A distinctive feature of several of the classical oncogenes (eg, RAS,
BRAF, PIK3CA, and so on) is that interrogation of their entire coding
sequence is not required to identify their most important activating
mutations. Instead, a subset of critical oncogene point mutations (and
small indels) affect so-called “hotspot” amino acid codons. For exam-
ple, 80% to 99% of known mutations in EGFR, BRAF, and KRAS can
be assayed by interrogating only 10 to 20 bases in each gene. This

phenomenon lends itself well to platforms such as mass-spectrometric
genotyping5,25 and allele-specific PCR.26 Accordingly, these technol-
ogies emerged as attractive alternatives to conventional Sanger
sequencing—in terms of cost, throughput, and sensitivity—for the
assessment of specific driver mutations in oncogenes. Indeed, multi-
ple cancer centers worldwide have instituted such technologies to
anchor their initial precision cancer medicine initiatives.5,26-32 Several
of these programs have implemented enterprise-wide projects to sys-
tematically profile patient tumor samples for mutations in potentially
actionable or informative genes and deposit these data into internal
databases that may be used for research or mined to identify candi-
dates for specific targeted clinical trials.5 Preliminary results from early
clinical trials matching patients with targeted drugs on the basis of
their genotype have yielded encouraging albeit preliminary results.33

Genotyping-based platforms are advantageous in terms of cost,
throughput, scalability (dozens of genes can be interrogated), and
their applicability to (relatively) poor-quality nucleic acid material,
such as that derived from archival tumor specimens. However, such
platforms have many drawbacks, including a limited sensitivity (a
minimum of approximately 10% tumor allelic fraction), restricted
breadth (number of genes and mutations), and an inability to detect
multiple categories of genomic alterations (limited to an a priori set of
highly recurrent hotspot mutations and indels). The deficiencies of
these technologies are qualitatively similar to those that restrict Sanger
sequencing and pose important limitations on the use of such plat-
forms as clinical tools for comprehensive tumor genomic profiling.

It should be noted that other technologies aside from Sanger
sequencing and allele-based mutation detection platforms have long
been leveraged for the assessment of cancer driver events other than
mutations—some of these are commonly used in clinical and molec-
ular diagnostic laboratories today. Examples include array compara-
tive genomic hybridization34 and fluorescent in situ hybridization,
which allow for the detection of genomic imbalances including copy-
number alterations and deletions. However, the allocation of tumor
material, often of limited quantity and quality, to interrogate distinct
types of genetic alterations using diverse profiling platforms presents
several logistical and cost-related challenges.

NEXT-GENERATION SEQUENCING: A
TECHNOLOGY REVOLUTION

By the second half of the last decade, it had become clear that although
the number of plausibly actionable genetic alterations was expanding
rapidly, no categorical genomics technology existed to identify them
all at once. Indeed, as many as three distinct profiling platforms may
have been necessary to detect clinically actionable base mutations,
copy number alterations, and translocations (Fig 1) in a tumor speci-
men. Starting in 2005, however, several powerful DNA sequencing
technologies emerged that were radically different from the capillary-
based instruments used to analyze the initial reference human ge-
nome. These next-generation or massively parallel sequencing (MPS)
technologies enabled an unprecedented depth and breadth of
genomic interrogation that soon transformed the cancer genome dis-
covery arena.35

MPS technologies have three major advantages over conven-
tional techniques. First, they brought forth an exponential decrease in
the cost of sequencing. In short order, this economic disruption effec-
tively democratized the genome sequencing arena, rendering this
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technology widely accessible to many investigators. For example, in
2007, a personal genome sequenced by using the Sanger method cost
US$70 million36; by 2010, the cost for sequencing a genome by using
MPS had dropped to approximately US$50,000, and in 2013, genome

sequencing can be performed in a commercial or research setting for
under US$5,000 (Fig 2). Second, the development of MPS conferred
substantial increases in both the sensitivity (by sequencing to a high
redundancy) and the scalability of sequencing, thus allowing a deep
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Fig 1. Categories of genomic alterations
and technologies for detection. Many of the
hallmark alterations in cancer are currently
detected by using a multitude of existing
technologies, often in a serial fashion, each
using an appreciable amount of nucleic acid.
Newer sequencing-based methodologies are
capable of interrogating many types of cancer
alterations in one composite, sensitive test.
CGH, comparative genomic hybridization;
ChIP-Seq, chromatin immunoprecipitation fol-
lowed by massively parallel sequencing; FISH,
fluorescent in situ hybridization; IHC, immuno-
histochemistry; PCR, polymerase chain reac-
tion; RNA-Seq, RNA sequencing, also known
as transcriptome sequencing; SNP, single nu-
cleotide polymorphism; Targ-Seq, targeted se-
quencing; WES, whole-exome sequencing;
WGS, whole-genome sequencing.
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Fig 2. The decrease in cost of genome
sequencing facilitated by massively parallel
sequencing technologies. The cost of se-
quencing has decreased at a rate faster than
Moore’s law in the past 10 years. The data
from 2001 through 2007 represent the costs
of generating DNA sequences by using
Sanger-based chemistries and capillary-based
instruments (first-generation sequencing plat-
forms). Starting in 2008, the data represent
the costs of generating DNA sequences by
using second-generation sequencing technol-
ogies. The change in instruments represents
the rapid evolution of DNA sequencing tech-
nologies that has occurred in recent years.
Landmark events are also indicated on the
timeline. The release of various second- and
third-generation technologies is indicated in
blue boxes. IHGSC, International Human Ge-
nome Sequencing Consortium. Data adapted
from the National Human Genome Research
Institute Web site.35
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interrogation of thousands of genes—and eventually the entire
exome—in a single sequencing lane. The first MPS technology re-
ported a 100-fold improvement in throughput over Sanger sequenc-
ing37; in 2013, it is possible to sequence more than 10 human genomes
in a single day by using an Illumina HiSeq sequencer. Third, these
technologies provide the capability to detect multiple types of cancer
genome alterations (base mutations, indels, copy number alterations,
and rearrangements). MPS technologies (Table 1) vary in chemistries,
enzymatic reactions, and signal detection methodologies, but they
share common methodologic attributes that have produced the afore-
mentioned groundbreaking improvements over capillary sequencing.

Template Preparation and Library Construction

The initial preparatory steps for MPS are fewer and simpler than
for Sanger sequencing: instead of stepwise PCR amplification and
preparation of individual DNA fragments, the initial reaction pro-
duces a composite DNA library for sequencing that is formed by
ligating synthetic adapters to the ends of a target (fragmented) DNA
population. The library of fragments is subsequently PCR-amplified
en masse to produce many copies of each fragment (this is one of the
massively parallel steps). A common methodologic theme for MPS
involves immobilization of the template DNA molecules onto a solid
surface or support (either a bead or a glass slide). This allows spatial
separation of molecules and enables simultaneous sequencing reac-
tions (millions or billions) to be carried out in a highly parallel fashion
(this is the definitive massively parallel step).

Sequencing Reactions

For most MPS technologies, sequencing reactions are executed as
a series of repeating steps that are performed and detected sequentially
(known as “sequencing-by-synthesis” [SBS]). Because these reactions
are performed in pico- or nano-scale reactors in a massively parallel
fashion, the products of many millions of reactions can be sequenced
simultaneously, thus greatly reducing the cost of sequencing and in-
creasing the speed at which data can be generated. In 2005, the first
MPS technology—large-scale parallel pyrosequencing37— using SBS
was reported; subsequent technologies also use SBS reactions coupled
with different methodologies for signal detection38 (Table 1).

Paired-End Analysis

Several MPS technologies (Illumina and Life Technologies,
among others) have the option of sequencing both ends of a DNA
fragment in a sequencing library. Depending on the sequencing
instrument and the methodology used for library construction,
linear (paired-end) sequencing or circularized fragment (mate-
pair) sequencing can be performed. The value of paired-end se-
quencing is an increased ability to map to a unique region of the
genome and the ability to discover small- and large-scale structural
variation in genomes.

The specifics of each step in the sequencing reaction differ for the
various MPS platforms that have emerged in the past 7 years, which
indicates the range of innovation in chemistry, molecular biology, and
engineering required to produce sequence information in a massively
parallel fashion (a comprehensive review can be found in Metzker et
al36). Much of this innovation was enabled by funding from the
National Human Genome Research Institute of the National Insti-
tutes of Health (NIH-NHGRI). Over the past 3 to 5 years, MPS
technologies have advanced considerably to become faster and more

accurate, modular, and cost-effective.39 This progress (coupled with
competition among alternative platforms for leadership) has placed
MPS in a seemingly permanent state of revolution. The extant MPS
technologies vary not only in their mode of sequencing but also in
accuracy, read length, throughput, coverage distribution and bias,
variant detection, and cost40 and have been compared in several re-
cent publications.41-43

APPLICATIONS OF MPS

The technological transformation in the field of DNA sequencing,
coupled with substantial computational enhancements in the ability
to align individual sequence reads against a reference human genome
and identify variants, has both enlivened cancer genome discovery and
enabled tumor genomic profiling at unprecedented scale, depth, and
speed. It is now feasible to generate a fully comprehensive catalog of
somatic mutations and to garner insights into altered biologic pro-
cesses that contribute to the development and progression of human
cancers. Importantly, MPS can interrogate different types of input
material (DNA, RNA, or chromatin), varying proportions of the ge-
nome (whole genome, exome, transcriptome, or a subset of genomic
regions) once several preprocessing modifications are incorporated
(the various MPS applications are often termed DNA-Seq, RNA-Seq,
ChIP-Seq, or methyl-Seq44). Together, these approaches yield com-
prehensive information on a markedly expanded constellation of
(epi)genetic and gene expression-based alterations. Specific applica-
tions of MPS are outlined in more detail.

Whole-Genome Sequencing

The first whole-genome sequencing (WGS) effort for a can-
cer—a cytogenetically normal acute myeloid leukemia—was reported
in 200845 at an estimated cost of US$1.6 million. This ambitious effort
required more than 100 sequencing runs using an Illumina machine.
A year later,46 the cost had dropped to US$500,000.36 Since then,
whole cancer genomes from breast,47-49 colorectal,50 liver,51 lung,52-54

medulloblastoma,55 melanoma,56 multiple myeloma,6 ovarian,57 and
prostate58 cancers, among many others, have been reported. Large-
scale cancer genome studies, such as those conducted by the Inter-
national Cancer Genome Consortium (ICGC), are using MPS to
comprehensively characterize tumors and generate genomes, tran-
scriptomes, and epigenomes from more than 50 cancer types, thus
providing a solid foundation for a complete catalog of onco-
genic mutations.

WGS allows the identification of copy-number alterations and
structural rearrangements at approximately 30- to 60-fold mean
depth of coverage of both the tumor and its paired normal (germline)
DNA49 (although accurate point mutation detection often requires
deeper coverage, particularly if stromally admixed tumor material is
queried).23 The paired-end nature of MPS59 can be leveraged effec-
tively for the detection of DNA rearrangements, which underpin key
translocation events in cancer (such as actionable gene fusions).60-64

WGS can also detect other types of genomic alterations, such as non-
coding changes in unannotated regions of the genome21 as well as the
presence of pathogenic, nonhuman sequences.65 Although the poten-
tial clinical utility of WGS has been demonstrated for a few tumor
cases, the feasibility of performing WGS routinely has been ques-
tioned.66 For instance, WGS of archival (formalin-fixed paraffin-
embedded) tumor material remains problematic (because of
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poor-quality DNA and resultant loss of genomic complexity), as does
achieving a depth of coverage that is both sufficiently sensitive and
cost-effective for clinical mutation detection (at least 100- to 200-fold
sequencing coverage may be required for this application). Procuring
server- or cloud-based storage for such large amounts of data also
poses challenges. Finally, we do not yet understand the functional
significance of many alterations and, thus, most WGS data are neither
actionable nor informative at present. Nonetheless, additional ad-
vances in sequencing data generation and analysis may ultimately
render WGS an appealing default approach for at least some clinical
applications, since this can provide a permanent, patient-specific ref-
erence of tumor and germline genomic alterations that could be
mined iteratively as new discoveries regarding clinical actionability
are made.

Targeted Sequencing (whole-exome

and cancer-specific panels)

An alternative approach to WGS involves the enrichment of a
subset of the genome before MPS. By using this “target region” meth-
odology, one can obtain much higher coverage with less raw sequence
data generation and at a significantly lower cost than WGS. Several
strategies have been effectively used for enrichment of so-called “tar-
get” cancer sequences of interest.4,67-70 One common approach uses a
hybridization reaction between the genomic DNA and long, synthetic
oligonucleotides. These DNA or RNA “baits” are either matrix-bound
(array-based) or in solution (solution-phase), and a hybrid selection
process is used to capture target DNA fragments from a “pond” of
genomic DNA before sequencing.71 The performance of commer-
cially available whole-exome sequencing (WES) bait sets (notably,
Illumina, Agilent, and Nimblegen) or custom-designed bait sets can
differ, and each platform has varying metrics in terms of input DNA
required, bait length, specificity, target region coverage, genomic ele-
ments that can or cannot easily be targeted, and performance.72-75

Nonetheless, hybrid capture approaches represent a cost-effective
means of selecting a subset of the cancer genome for sequencing,76 and
thus have become a mainstay of MPS applications. This methodology
underpins targeted MPS approaches ranging from a few hundred
genes to the entire gene coding territory or exome.

WES and targeted sequencing, together with appropriate com-
putational algorithms, allow robust detection of point mutations,
amplifications, and deletion (as benchmarked against conventional
techniques76,77), although detection of translocation events and rear-
rangements is more limited (this can be somewhat enhanced if hybrid
capture baits targeting intronic regions are included). In principle,
WES enables identification of a greater breadth of coding mutations
and gene copy number events than targeted exome sequencing; how-
ever, targeted sequencing can achieve much greater depth of sequence
coverage (and hence sensitivity) at a given cost. Moreover, inasmuch
as targeted sequencing may focus on known cancer genes/mutations,
their focused interrogation may obviate the need to sequence a
matched normal sample from the same patient. Both approaches have
been rendered successfully by using DNA from frozen and archival
tumor material. Moreover, because the targeted region comprises
only a small fraction (approximately 2%) of the genome, the vastly
higher sequence coverage obtained per unit cost allows for the detec-
tion of lower-abundance somatic variants (thus revealing clinically
useful information from stromally contaminated or heterogeneous
tumor specimens). Targeted cancer sequencing is now available in the

commercial setting as well as in Clinical Laboratory Improvement
Amendments (CLIA) –certified hospital laboratories in several cancer
centers, and initiatives devoted to precision cancer medicine enabled
by MPS are also underway.

In the fullness of time, our understanding of cancer biology will
likely be informed not only by genome sequencing (eg, chromosomal
DNA-based) but also by identifying perturbations in transcriptomic,
epigenetic, and protein space. Transcriptome sequencing (RNA-
Seq)78 can capture the expressed genome of a tumor sample, thereby
enabling robust detection of dysregulated genes,79 gene fusion events,
and alternative splice isoforms.80,81-83 Chromatin immunoprecipita-
tion and sequencing (ChIP-Seq)84 can be used to study interactions
between proteins and DNA at a high resolution; analysis of the meth-
ylation status of particular CpG sites (methyl-Seq) may assist in inter-
preting the activation state of certain genes or regions. In the future,
information from multiple datasets could be combined; toward this
end, integration of sequencing methodologies has been shown to
generate more informative mutational landscapes and highlight key
cellular pathways and processes that become dysregulated.85,86 It
should be emphasized that the clinical utility of these additional MPS
applications remains to be determined; however, they will likely prove
useful for near-term pilot studies of novel therapeutics as correlative
science efforts. In this regard, a pilot study of integrative high-
throughput sequencing (tumor WGS and RNA-Seq, tumor and
matched normal WES) recently demonstrated promise in facilitating
biomarker-driven clinical trials for oncology patients.14

LIMITATIONS OF MPS

The advantages of MPS (by now well recognized) are undergirded by
its extremely high overall throughput and resultant low cost per se-
quenced base. For example, Illumina’s HiSeq 2000 instrument can
generate upwards of 600 Gb of sequence data per run. At the same
time, there are several limitations to current MPS platforms. (1) When
using a hybrid-capture approach, mission-critical exons may some-
times be missed (due to challenges with GC%, content, and uneven
capture efficiency). (2) MPS technologies remain highly sophisticated.
Although academic and commercial laboratories are trying to stream-
line processes, this approach still requires considerable expertise to
routinely run MPS. (3) The turnaround time remains lengthy, driven
by the stepwise process of fluorophore incorporation, detection, and
washing on the sequencing instrument. Over the past year, three
major MPS platforms released benchtop machines or reconfigured
existing instruments to address the turnaround time; as a result, large
amounts of MPS data may be generated after only about 24 hours on
the sequencer. These advances suggest that clinical-grade testing—
delivering results to a physician only a few days after receiving the
sample—is now feasible.

EMERGING TECHNOLOGIES FOR GENOMIC PROFILING

Additional improvements (Fig 3) to MPS approaches hold further
promise for increasing the power of MPS. Although these technologies
remain in their infancy, further development could potentially herald
the emergence of a new generation of sequencing technologies that
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evolve from amplified products to single molecules and from optical
to electrical (or direct) detection.87-90 Although these approaches have
the potential to increase throughput, generate longer sequence reads,
and boost turnaround time, their performance with regard to se-
quence quality and output remains poorly characterized. Nonetheless,
these ongoing efforts raise the possibility that WGS may someday
become rapid and inexpensive enough to enable genome sequencing
as part of routine care. A comprehensive review of these technologies
is available in Schadt et al91; however, a high-level overview of exem-
plary topics follows.

Single-Molecule Sequencing

Single-molecule sequencing represents a logical destination for a
technology in which the maximum amount of information is ex-
tracted from a minimum amount of nucleic acid. This is particularly
true for cancer sequencing, in which primary specimens are often
sparse, and the amount of DNA extracted from a specimen may limit
the number and size of genomic studies that can be performed. The-
oretically, direct interrogation of individual DNA molecules could
obviate the need for PCR amplification procedures and lower the cost
of sequencing to US$100 to US$1,000 per genome (at current target
depths of sequence coverage).92

There are several categories of single-molecule sequencing tech-
nology.93 Nanopore sequencing is performed by threading individual
DNA molecules through a pore formed by a single protein
molecule.87,94-98 If successful, this approach may significantly increase
read length, simplify sample preparation, and process low-input DNA
amounts (picograms or less). Eventually, nanopore sequencing may
also offer the potential to sequence RNA directly. However, its appli-
cability to formalin-fixed paraffin-embedded–derived tumor DNA
remains unproven.

Direct Detection of Nucleotide Signal

Several approaches have queried the concept of direct imaging
and detection of the nucleotide sequences comprising individual
DNA molecules. An early approach involved semiconductor se-
quencing (Ion Torrent); others include transmission electron mi-
croscopy or transistor-based sequencing. Alternatively, direct
observation of single DNA molecules in the context of DNA poly-
merase (in a highly parallel system) during DNA synthesis has
been developed.92

ADDITIONAL APPLICATIONS OF EMERGING
SEQUENCING TECHNOLOGIES

The sensitivity of many existing molecular diagnostics technolo-
gies is limited by stromal contamination and genetic heterogeneity
within a cancer specimen. Moreover, the development of cancer
drug resistance may often be attributed to (initially low-
abundance) somatic mutations that undergo positive selection
over the course of drug treatment.99-101 Thus, a potential advan-
tage of emerging technologies involves the ability to query single
cells (or a small number of cells). In the future, this approach could
provide real-time information regarding genetic resistance mech-
anisms,102 demonstrate the evolution of tumor mutational land-
scapes, or monitor cancer mutations in circulating tumor
cells.103 Profiling subclonal heterogeneity might also help predict
patient response, thus informing the rational combination of tar-
geted therapies to maximize efficacy13,104 and response and mini-
mize resistance. Many emerging sequencing platforms may
eventually have utility beyond DNA sequencing, including identi-
fication of patterns of methylation,105 comprehensive character-
ization of transcriptomes,78 and comprehensive characterization
of translation.106
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CHALLENGES IN CLINICAL APPLICATION OF
MPS TECHNOLOGIES

Despite the optimism surrounding technologies for cancer ge-
nome characterization, several questions must be addressed to
realize the potential of these technologies within the larger clinical
context. The availability of biospecimens—whether resected tu-
mor, biopsy, fine-needle aspirate, or other—and the purity of
specimens (due to admixed cell populations, tumor ploidy, tumor
heterogeneity, or other biologic confounders) are likely to remain
limiting factors in obtaining sufficient tumor genomic material.
Large sequencing data volumes may strain existing archival storage
mechanisms, despite the development of resources107 and efficien-
cies that facilitate electronic data storage (such as compression108

or cloud-based systems). Several cancer centers and clinical and
reference laboratories are implementing MPS approaches in a
CLIA environment.109,110 From a clinical laboratory perspective,
the challenges of regulatory issues, assay validation, proficiency
testing, and quality control must be addressed (comprehensively
reviewed in Schrijver et al111), and there is considerable uncertainty

about the regulatory pathway for MPS testing, although efforts are
underway to develop principles and guidelines.111

FUTURE DIRECTIONS

The acceleration in biologic and therapeutic understanding of cancer
enabled by improvements in MPS technologies is well underway. More-
over, the sequencing technology arena seems poised for continued evolu-
tion.Theresultingnewplatformswillhaveacontinuingimpactoncancer
biologyandbiomedical researchforyears tocome. Inthenear term, these
technologies may also offer a tool that will provide physicians with rele-
vant contextual genomic alterations for their patients with cancer. When
paired with a robust interpretive framework to identify and interpret the
underlying genomic information, this technology holds forth superb po-
tential to accelerate precision cancer medicine.
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GLOSSARY TERMS

DNA-Seq: DNA sequencing (DNA-Seq) determines the nucle-
otide sequence of DNA. The amount of DNA sequenced can be
the full complement of genetic material in a specimen (whole-
genome), or a targeted portion of the genome (whole-exome,
specific genes, targeted regions and so on).

RNA-Seq: RNA-Seq (also known as transcriptome sequencing)
determines the nucleotide sequence of RNA as cDNA derived
from (usually) mRNA, but also microRNAs or other RNAs. In
tumor genomic profiling, RNA-Seq captures the expressed ge-
nome of a sample, and can enable robust detection of dysregu-
lated genes, gene fusion events, and alternative splice isoforms.

ChIP-Seq: Chromatin immunoprecipitation followed by mas-
sively parallel sequencing (ChIPSeq) identifies the binding sites of
DNA-associated proteins. In cancer genomics, this can be used
(for example) to map global DNA binding sites of a transcription
factor at a high resolution and determine how these interactions
regulate gene expression.

Methyl-Seq: Methyl-Seq determines the methylation status of
CpG islands (regulatory regions) across the genome, thereby assist-
ing in the interpretation of the activation state of certain genes or
regions.

Paired-end reads: Some sequencing technologies have the op-
tion of sequencing both ends of a DNA fragment in a library. Se-
quencing one end a linear fragment (representative of the original
DNA) followed by sequencing the other end is termed “paired-end”
sequencing. (This is different to mate-pair sequencing, where DNA
fragments are circularized before sequencing). Paired-end sequenc-
ing allows more accurate mapping or placement of a DNA sequence
on a reference genome. In cancer specimens, paired-end sequencing
allows the detection of large- and small-scale structural genomic
rearrangements.
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